Optic nerve section in the newborn rat results in a rapid apoptotic degeneration of most axotomized retinal ganglion cells (RGCs). This massive process of neuronal death has been ascribed mainly to the interruption of a trophic factor supply from target structures rather than to the axonal damage per se. To distinguish between these two possibilities, we induced a reversible axonal transport blockade in the developing optic nerve by topical application of a local anesthetic (lidocaine). Light and electron microscopy showed no alterations in the fine structure of treated optic nerves. Retinae of treated and control rats were stained with cresyl violet and examined at different times after surgery. We found that axonal transport blockade induced only a limited number of pyknotic RGCs. Degeneration of these cells was completely prevented by inhibiting protein synthesis during lidocaine application. We conclude that the rapid degeneration of RGCs after axotomy can be ascribed only partly to the loss of retrogradely transported trophic factors.
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Retinal ganglion cells (RGC s), as well as other mammalian CNS neurons, eventually die as a result of axonal injury (Grafstein and Ingoglia, 1982; Bregman and Reier, 1986; Hefti, 1986; VillegasPerez et al., 1993) . Transection of the optic nerve is known to induce massive RGC death by an apoptotic process in both developing (Rabacchi et al., 1994a) and adult rats (Berkelaar et al., 1994; Garcia-Valenzuela et al., 1994) . The molecular nature of the signal triggering the loss of axotomized neurons is largely unknown. According to the trophic theory, the effects of axotomy can be ascribed to the disconnection of neurons from their targets, resulting in the sudden loss of retrogradely transported trophic molecules (Oppenheim, 1991; Snider et al., 1992; Johnson and Deckwerth, 1993 ). An alternative hypothesis is that axonal injury per se can induce cell death. In particular, acute alterations in cellular homeostasis and ionic imbalances subsequent to plasmalemmal leakage, such as C a 2ϩ deregulation, have been implicated (Choi, 1992; Snider et al., 1992) .
Especially in the neonate, a lack of target-derived trophic signals is proposed as the main cause of death for axotomized RGC s. It is known that trophic factors, such as NGF and BDNF, are synthesized in the major retinal projection fields, the optic tectum (Hofer et al., 1990; Maisonpierre et al., 1990; Friedman et al., 1991) and the dorsal lateral geniculate nucleus (dLGN) (Schoups et al., 1995) . E xogenous administration of NGF and BDN F, as well as other growth factors, can partly prevent RGC death after optic nerve lesion (C armignoto et al., 1989; Mey and Thanos, 1993; Cohen et al., 1994; Mansour-Robaey et al., 1994; Rabacchi et al., 1994b) . Moreover, the survival of highly purified RGCs in culture can be enhanced by both tectal cells (McCaffery et al., 1982; Armson and Bennett, 1983) and soluble tectal factors (Meyer-Franke et al., 1995) .
This evidence, however, is indirect and does not exclude the possibility that axonal injury per se contributes to the cell death process. To determine whether cell death after axotomy is attributable to trophic factor deprivation or to axonal damage, we produced a reversible functional disconnection between RGCs and central targets in neonatal animals. Accordingly, we blocked axonal transport in the optic nerve by topical application of a local anesthetic (lidocaine) (Byers et al., 1973; Bisby, 1975; Fink and Kish, 1976) . This drug was chosen because of its relatively low neurotoxicity, as compared with other more conventional transport blockers (Byers et al., 1973; Kalichman, 1993; Selander, 1993) . Application of lidocaine at suitable doses indeed blocked axonal transport without damaging optic nerve structures. This blockade induced a significant increase in dying RGCs, consistent with a loss of trophic support. Cell death was dramatically higher, however, after direct nerve injury. We therefore conclude that the rapid and massive death of RGCs after axotomy can be ascribed only partly to the loss of retrogradely transported trophic factors.
MATERIALS AND METHODS
Single lidocaine application. A total of 96 L ong-Evans rats at P0 (day of birth) were used in this study. Rat pups were anesthetized by hypothermia, and a small pellet of gelfoam soaked in lidocaine (Bayer, 0.2-0.3% solution), or in saline as control, was applied intracranially onto the exposed surface of the optic nerve on one side. After 1 or 3 hr the pellet was removed and the exposed nerve was rinsed with saline. Rats were then returned to their mother until they were killed (24 -36 hr after treatment). In 16 animals, 250 nl of 1% cycloheximide (Sigma, St. L ouis, MO) or saline was injected intraocularly 18 hr after surgery. The injections were performed under hypothermia anesthesia, with a pulled glass micropipette inserted at the ora serrata.
Double lidocaine application. In 13 rats, a second 3 hr lidocaine application was administered 10 hr after the first. The same animals received two intraocular injections of 1% cycloheximide or saline (250 nl) at 17 and 20 hr after the first application of the anesthetic. Rats were killed 36 -72 hr after the first lidocaine administration.
Optic nerve section. Rat pups were anesthetized by hypothermia, and suction was applied to remove the medial portion of the cerebral hemisphere overlying the optic nerve. The transection was performed at ϳ2 mm from the posterior pole of the eye. In four rats, a pellet of gelfoam soaked in 0.2% lidocaine was applied onto the transected stump of the nerve and left in place for 3 hr. All animals were killed 24 hr after lesion.
Anal ysis of a xonal transport. The effects of lidocaine on axonal flow in the optic nerve were monitored by following the retrograde transport of horseradish peroxidase (HRP type V I, Sigma), injected bilaterally into the superior colliculi at different time intervals. Rat pups were anesthetized with ether, and two injections (1 l each) of 30% HRP (in saline containing 2% DMSO) were made slowly on both sides. T wo hours later, rats were perf used with a solution of 1.25% glutaraldehyde and 1% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4. Optic nerves were dissected and cryoprotected in 30% sucrose. Serial sections were cut with a cryostat at 20 -35 m in the longitudinal plane and mounted onto gelatinized slides. Sections were then reacted for HRP according to the tetramethylbenzidine procedure (Mesulam, 1982) and examined with dark-field microscopy.
Histolog y and counting procedures. At the indicated times, rats were perf used through the heart with fixative containing 2.5% glutaraldehyde, 1% paraformaldehyde, and 0.5 mM CaCl 2 in 0.1 M cacodylate buffer, pH 7.2. Retinal whole mounts were prepared and stained with cresyl violet (0.1%). The number of pyknotic as well as surviving cells was counted in 20 -50 fields (100 ϫ 100 m) in the ganglion cell layer of each wholemounted retina. In the newborn rat, virtually all neurons found in this layer are indeed ganglion cells (Perry et al., 1983; Rabacchi et al., 1994a,b) . Retinal areas were determined with a computer-aided image analyzer (MCI D 4; Imaging Research, St. C atharines, Ontario, C anada). The total number of cells per retina was determined by multiplying the average number of cells per unit area times the total area of each retina. All counts were performed by following a blind procedure.
Morpholog y of the optic nerves. The integrity of the optic nerve was assessed by light and electron microscopy in both lidocaine-treated and control animals. Optic nerves were dissected from perf used animals, post-fixed in osmium tetroxide, stained en bloc with uranyl acetate, dehydrated in increasing ethanol concentrations, and then embedded in Epon-Araldite resin. Sections were obtained by ultramicrotomy at 100 m intervals along the entire length of each nerve. Semithin, 1-m-thick sections were stained with toluidine blue and examined under a light microscope. Adjacent ultrathin sections were collected on grids, stained with uranyl acetate and lead citrate, and photographed at the electron microscope. We evaluated RGC death only in the animals in which optic nerves were morphologically analyzed and were found to be unaltered by the lidocaine treatment. Nerves and corresponding retinae were otherwise discarded.
RESULTS

Reversible inhibition of axonal transport
Previous work in vitro (Fink et al., 1972; Anderson and Edstrom, 1973; Byers et al., 1973) and in vivo (Bisby, 1975; Fink and Kish, 1976) has shown that lidocaine application produces a reversible blockade of rapid axonal transport. The delay in recovery is dependent on both the exposure time and the concentration of lidocaine used. To test the blockade efficacy in our system, lidocaine was applied onto the optic nerve, and concurrently HRP was injected into both superior colliculi. Two hours later, HRP distribution was evaluated in longitudinal sections of the optic nerve (Caleo, 1996) . In lidocaine-treated nerves, the progression of HRP was clearly arrested, starting at the point of anesthetic application ( Fig. 1 A) . We made sure that blockade occurred shortly after treatment onset. Indeed, retrograde transport was completely impaired within 1 hr after application of lidocaine. Control nerves treated with physiological solution showed no such effect, and the tracer covered the entire length of the nerve (Fig. 1 B) .
The persistence of fast transport blockade was then analyzed. The functionality of fast transport was checked at 3, 8, and 13 hr after 1 hr lidocaine application. We found that axonal transport was still blocked 3 hr (Fig. 2 A) and 8 hr (Fig. 2 B) after application but had completely recovered after 13 hr (Fig. 2C) . Three hour anesthetic applications arrested axonal transport for Ͻ15 hr, when complete recovery was observed (data not shown).
Morphological analysis of optic nerves
It is reported in the literature that lidocaine, as well as other transport blockers, can induce nonspecific neurotoxic effects, especially at high doses and long periods of exposure (Byers et al., 1973; Kalichman, 1993; Selander, 1993) . To exclude the presence of such effects in our preparation, and therefore rule out the possibility of injury-induced cell death, we analyzed the fine morphology of treated optic nerves at the light and electron microscopic level. Nerves were prepared for analysis both acutely and 24 hr after the lidocaine treatment. Here we report only the results of preparations in which the morphological analysis showed no structural alterations in any portion of the lidocainetreated nerves, which were therefore indistinguishable from control and normal nerves (Fig. 3 ).
At the light microscopic level, the general morphology appeared well preserved, with numerous astrocytic processes forming a regular plexus across the nerve surface (Fig. 3A) . Electron microscopy showed normal axon profiles, with no signs of pathological alterations and organization into regular bundles delimited by astrocytes (Fig. 3B) . The intra-axonal compartment again exhibited a normal appearance and the characteristic presence of vesicular profiles, mitochondria, microtubules, and neurofilaments (Fig. 3C) . Thus, our treatment was able to induce a transient block of axonal transport without interfering with the ultrastructure of the axons.
Induction of RGC death
Previous studies have shown that optic nerve section in newborn rats leads to virtually complete death of RGC s within 2-3 d, with a peak in pyknosis between 20 and 36 hr after lesion (Perry et al., 1983; Beazley et al., 1987; Rabacchi et al., 1994a) . We therefore compared the effects of injury and axonal transport blockade in retinal whole mounts prepared 24 hr after surgery. After lidocaine application, pyknotic profiles appeared in the ganglion cell layer (Fig. 4 A) . The number of ganglion cells displaying apoptotic morphology was enhanced approximately fourfold ( Saline application had no effect, and only rare dying cells could be observed (Fig. 4 B) . Pyknosis in vehicle-treated animals was perfectly comparable to the level of natural cell death present at this age (Perry et al., 1983; Rabacchi et al., 1994a) . Effects produced by 1 or 3 hr lidocaine application were not significantly different, and therefore the data from the two experimental groups were pooled (Fig. 5) .
To check for any effect of the anesthetic on the apoptotic process, lidocaine was applied onto the transected stump of the optic nerve immediately after the lesion. No significant difference in the number of dying RGCs could be found at 24 hr in the lidocaine-treated group (39,360 Ϯ 5130) with respect to lesion alone (44,120 Ϯ 4340) (Fig. 6 ). This rules out any substantial anti-apoptotic activity of the stump-applied lidocaine that might counteract the effects of trophic deprivation.
Effects of cycloheximide on RGC survival
The apoptotic process after optic nerve section can be delayed by protein synthesis inhibitors (Garcia-Valenzuela et al., 1994; Rabacchi et al., 1994a) . Administration of cycloheximide 18 hr after lesion prevents the appearance of pyknotic cells at 24 hr. At 36 hr after lesion, however, protein synthesis resumes, and the number of pyknotic profiles increases dramatically (Rabacchi et al., 1994a) . The interpretation of these data is that RGCs saved by cycloheximide 24 hr after lesion are eventually destined to die, because communication between RGCs and central targets is irreversibly lost.
Our data show that a transient axonal transport blockade is sufficient to induce a low level of pyknotic RGCs in neonatal animals, probably by depleting ganglion cells of target-derived trophic molecules. Because of the reversibility of the treatment, death of these cells should be completely avoided if protein synthesis blockers are administered in an appropriate time interval, until axonal transport is reestablished. Accordingly, we injected cycloheximide intraocularly 18 hr after lidocaine treatment. We found that cycloheximide maintained pyknotic cells at control levels not only at 24 hr but also 36 hr after lidocaine application (Fig. 7) . This result suggests that our treatment produced a reversible separation between RGC s and central targets and that cycloheximide inhibited the death program until proper survival conditions were restored.
Prolonged blockade of axonal transport
It could be argued that the duration of axonal transport blockade produced by 1 or 3 hr lidocaine was not long enough to induce a level of pyknosis as high as that after optic nerve section. There- fore, we prolonged the blockade by giving a second 3 hr lidocaine application 10 hr after the first. We indeed found that the number of pyknotic cells significantly increased 36 -42 hr after surgery with respect to the single application protocol (8190 Ϯ 3000 vs 1190 Ϯ 200; p Ͻ 0.05).
Pyknotic cells are estimated to last only 1-4 hr in the tissue (Horsburgh and Sefton, 1987; Harvey and Robertson, 1992; GalliResta and Ensini, 1996) , because they are rapidly cleared by microglial cells. To determine the total number of ganglion cells affected by the blockade, counts of surviving cells have to be performed. Our quantitative analysis showed that the vast majority of RGC s survived the lidocaine treatment. Approximately 147,000 (146,980 Ϯ 16,680) living cells were counted at 36 -42 hr (Fig. 8) . In three additional animals examined 72 hr after surgery, a total of 135,900 Ϯ 13,400 (SE) ganglion cells were found. Because an average of approximately 160,000 RGC s is reported in the literature for normal, age-matched rats (Perry et al., 1983) , these results show that only a minority of RGC s are sensitive to axonal transport blockade in our experimental conditions. This small proportion of transport-sensitive RGC s could not be detected by counting living cells after cycloheximide treatment. The number of living RGC s at 36 -42 hr was greater, but not significantly different, between cycloheximide-and saline-injected rats (Fig. 8) . The low level of induced death and the high interindividual variability probably accounted for this result.
DISCUSSION
Transection of the optic nerve in newborn rats leads to the rapid apoptotic degeneration of the vast majority of RGCs. Within 24 hr, a dramatic increase in pyknosis and a corresponding reduction in surviving cells occurs (Beazley et al., 1987; Rabacchi et al., 1994a,b) . Here we asked whether cell death after axotomy can be attributed entirely to the interruption of trophic factor supply from target structures. A transient blockade of axonal transport was produced in the neonatal rat optic nerve by topical application of lidocaine. Our results show that a significant increase in pyknotic cells occurs after blockade of axonal transport, consistent with a loss of trophic supply; however, cell death reaches dramatically high levels only after injury, suggesting that other factors may be involved in lesion-induced apoptosis.
Effects of injury and trophic deprivation on RGC survival
Application of lidocaine rapidly induced a blockade of axonal transport, as monitored by HRP transfer from the optic tectum to the eye. The effects of lidocaine and related molecules on axonal transport are well documented in the literature (Fink et al., 1972; Byers et al., 1973; Bisby, 1975; Fink and Kish, 1976; Lavoie et al., 1989) . Lidocaine is believed to produce its inhibitory effect by an uncoupling of oxidative phosphorylation (Haschke and Fink, 1975) , with a consequent interruption of ATP supply to the transport mechanism. This mechanism of block suggests that along with retrograde transport of HRP, retrograde transport of endogenous target-derived trophic factors would be affected as well.
At concentrations lower than required for interference with transport, lidocaine prevents the propagation of action potentials by blocking Na ϩ channels. Blockade of membrane excitability, however, cannot be responsible for the observed increase in the level of RGC death, because it has been shown that silencing electrical activity produces no change in the number of dying ganglion cells (Fawcett et al., 1984; O'Leary et al., 1986a,b; Friedman and Shatz, 1990; Galli-Resta et al., 1993) .
In the first 10 postnatal days, more than half of the entire rat RGC population disappears because of natural cell death, which is currently thought to reflect a competition for limiting amounts Figure 7 . Effects of intraocular cycloheximide on RGC death after lidocaine application onto the optic nerve. Pyknosis is low at both 24 and 36 hr after surgery. At 24 hr, n ϭ 3 for saline, n ϭ 4 for cycloheximide; at 36 hr, n ϭ 3 for saline, n ϭ 6 for cycloheximide. Error bars indicate SE. of survival signals secreted by the targets (Oppenheim, 1991; Johnson and Deckwerth, 1993; Korsching, 1993; Silos-Santiago et al., 1995) . Our results are consistent with a role for axonal transport in RGC survival. Indeed, a transient disconnection of RGC s from their central targets significantly increases the amount of cell death. The duration of blockade consistently correlates with the extent of cell loss under experimental conditions in which morphological analysis rules out any direct injury or pathological alteration of the nerve. Our results are in agreement with previous studies (Hughes and McL oon, 1979; Pearson et al., 1981; Tong et al., 1982; Carpenter et al., 1986; Vanselow et al., 1990) showing that removal of target support in the absence of axonal injury is sufficient to increase the level of RGC death. Early ablation of the tectum (before RGC innervation) leads to a dramatic increase in the number of degenerating ganglion cells in the chick (Hughes and McL oon, 1979; Vanselow et al., 1990) . E xcitotoxic lesion of the neonatal rat superior colliculus (sparing retinocollicular axons) results in a substantial reduction of the number of RGCs that survive the period of natural cell death (C arpenter et al., 1986) . Finally, surgical ablation of the occipital cortex in the neonatal cat leads to retrograde degeneration of the dLGN and consequent transneuronal loss of RGC s that project to the dLGN (Pearson et al., 1981; Tong et al., 1982) . In all of these paradigms, cell loss is simply attributable to deprivation of contact with the target population.
Transection of the optic nerve also dramatically increases the rate of natural RGC death. Within 24 hr, the number of RGCs is substantially reduced (Rabacchi et al., 1994a,b) . We have now shown, however, that this rapid and massive death of RGCs cannot be accounted for by trophic deprivation alone. Double lidocaine applications, which extended the blockade period up to 20 -24 hr, produced only a limited amount of cell death. The high number of surviving ganglion cells at 36 -42 hr after treatment confirmed their resistance to disconnection from target support. Thus, injury and trophic deprivation differentially affect the process of RGC death.
A similar conclusion can be drawn by a detailed comparison of the kinetics of RGC death after surgical ablation or excitotoxic lesion of the neonatal rat superior colliculus. At 24 hr after lesion, a 10-fold increase in pyknotic cells is observed with surgical removal of the tectum and its afferent fibers (Harvey and Robertson, 1992; Cui and Harvey, 1995) . Merely a twofold increase in cell death occurs after selective postsynaptic ablation by kainic acid injection (Horsburgh and Sefton, 1987) . It seems likely, therefore, that after axotomy some "injury-related" factors may come into play and promote neuronal degeneration.
In particular, many authors point to the perturbation of Ca 2ϩ homeostasis as playing a critical role in triggering the process of lesion-induced apoptosis (Nicotera et al., 1992; Trump and Berezesky, 1992; Choi, 1996) . Massive C a 2ϩ influx, for example, is known to mediate excitotoxic effects, which probably actively take part in neuronal loss induced by acute insults (Choi, 1992; Schreiber and Baudry, 1995) . Altered C a 2ϩ levels interfere with mitochondrial f unction, promote the formation of damaging free radicals, and enhance protease activity, thus leading to derepression of the central components of the cell death machinery (Nicotera et al., 1992; Trump and Berezesky, 1992; Martin and Green, 1995; Yuan, 1995) .
An unresolved issue is whether a more prolonged blockade of axonal transport can result in a substantial decrease of surviving RGC s. It seems likely that a longer perturbation would affect a larger proportion of RGCs, consistent with previous experiments (Hughes and McLoon, 1979; Carpenter et al., 1986; Vanselow et al., 1990) designed to induce a protracted loss of target support. The kinetics of this process have never been analyzed in detail; however, the present results together with the available literature (Carpenter et al., 1986; Cui and Harvey, 1995) suggest that the massive and almost synchronous loss of RGCs after a lesion is a rapid process quite unlike deprivation-induced death.
Cycloheximide-mediated rescue of RGCs
We have revealed a subpopulation of RGCs that is sensitive to axonal transport blockade. These cells undergo an apoptotic type of cell death, as defined by the combination of morphological (pyknosis) and interventional (inhibition by cycloheximide) criteria. A requirement for protein synthesis likely reflects the need to produce a set of molecules that activate a constitutively existing cell death machinery (Raff et al., 1993; Jacobson et al., 1994; Steller, 1995; Weil et al., 1996) . Proteases of the interleukin-1␤ converting enzyme family constitute the main components of this machinery (Martin and Green, 1995; Martinou and Sadoul, 1996) . If the apoptotic degeneration of RGCs in our system is actually attributable to the temporary lack of trophic factors, these cells should be rescued by blocking protein synthesis until axonal transport is reestablished.
Indeed, cycloheximide experiments showed that RGC degeneration can be completely avoided by blocking the death program during the period of trophic deprivation. A plausible explanation for this result is that cycloheximide administration rescues treated cells during the period of susceptibility to apoptosis. When protein synthesis resumes, execution of the death program is no longer triggered, because the appropriate influx of trophic signals is restored. Commitment to death is therefore tightly controlled by a set of antagonizing proteins that can reaffirm or forestall the death sentence.
In conclusion, our results show that the rapid degeneration of RGCs after axotomy can be ascribed only partly to the loss of retrograde transport of target-derived trophic factors. The role of trophic deprivation after brain insults should therefore be reconsidered in the literature. Our findings also underscore the complex and timed balance between survival and death signals in determining cellular fate. We have directly demonstrated that neurons can be protected from transient death stimuli by means of a suitable exogenous intervention. This result has obvious implications for the clinical treatment of specific kinds of pathologies.
